The development of advanced materials carrying implemented stimuli-responsiveness and reversible actuation is actively pursued in the fields ranging from medicine and biology to materials science, chemistry, physics and engineering. [1] [2] [3] [4] Their functions to alter volume and/or shape can be triggered by environmental variations, [5] [6] [7] [8] such as water (or humidity), [9, 10] electricity, [11] [12] [13] and light. [14] Their diverse applications include artificial muscles, [5, 15] sensors, [16] electric generators, [9, 17] switches, [18] robotics, [19] [20] [21] "smart" materials, [10, 13, 22, 23] etc.
Significant progress has been achieved over the past decade in preparing artificial actuators from carbon nanotubes (CNTs), [24] [25] [26] graphene, [27] and more. [18, 28, 29] Currently, it remains a prosperous field full of challenges, in which modern design concepts are eagerly desired to meet scientific curiosity and practical usage.
Numerous responsive materials can be found in nature that inspire materials scientists to exploit their underlying mechanisms to create innovative biomimetic materials and actuating devices. [30] [31] [32] [33] Fascinating examples include the opening of pine cones, [34] arching upward of spruce branches, [35] unfolding of seed capsules, [36] and twisting of seed pods. [37] Two fundamental actuation forms-bending and twisting-are recognized. [35, 37, 38] Bending is achievable by a bilayer configuration in which opposing tissues possess different cellulose fibril orientations in the cell walls, while in isolated cells with helically arranged fibrils, the contraction of matrix leads to a twisting motion. [39, 40] Learning from nature, environmentresponsive devices that perform similarly or superiorly to their nature counterparts were fabricated. [41] [42] [43] Most of these efforts however suffer from drawbacks such as complicated synthesis, small size-scale deformation, low productivity, and/or poor mechanical properties.
Because of low-cost, rich abundance, lightweight and high mechanical flexibility, cloth made from cotton has followed human history for thousands of years and nowadays remains indispensable in our modern life. Inspired by helical microfibrils in plant cells to tailor mechanical deformation, for the first time we here report a unique example of novel hygroscopic cloth actuator that offers diverse motion forms, multiple functions, and a scale-up of production. The actuator is structurally composed of a scaffold made up of a commercial cloth that contains perpendicularly arranged helical cotton microfiber arrays and polyamide microfiber bundles (termed "native cloth"), and an in situ generated nanoporous polymer hybrid inside the scaffold. The former provides multiple forms of actuations including folding, twisting and rolling, while the latter serves as a function amplifier to boost its actuation performance, e.g., in an electric generator, in which the yielded voltage is two orders of magnitude of the state-of-the-art actuators of similar types. Figure S1 −S3) and poly(acrylic acid) at a 1:1 molar ratio of the monomer unit was prepared in N,N-dimethylformamide (DMF). Subsequently, a defined amount of CNTs ( Figure S4 ) was added under sonication to reach a homogeneous polymer/CNT dispersion. The dispersion was cast onto a flat native cloth of a defined size on a clean glass plate. After drying, the formed polymer/CNT/cloth hybrid (termed "actuator intermediate"), which adhered firmly to the glass plate, was soaked in a 0.5 wt % of aqueous NH 3 solution. The ammonia treatment here is a necessary step to convert the freshly introduced polymer/CNT blend in the cloth into a 3D interconnected nanoporous network. [8, 44] Finally, a mechanically flexible, free-standing, nanoporous cloth actuator was easily peeled off from the glass substrate. Figure 1 . Fabrication scheme of the cloth actuator from a native cloth (containing helical cotton microfiber arrays in the portrait orientation and polyamide microfiber bundles in the landscape orientation) and an in situ generated 3D porous polymer/CNT hybrid network.
Scanning electron microscopy (SEM) details the structural evolution from the native cloth to cloth actuator. The native cloth displays a hierarchical, rectangular network with a grid size of ca. 1.3 mm × 1.6 mm containing bundles of cellulose fibers in the portrait orientation and bundles of polyamide fibers in the landscape orientation (Figure 2a,S5,S6 ). Every two bundles of cellulose fibers are twinned to construct a single grid line (Figure 2b ). Each bundle comprises tens of individual cellulose fibers of 4-10 μm in diameter. Uniquely, these fibers are oblique to the longitudinal axis of bundles at an angle of [10] [11] [12] [13] [14] [15] o . This helical ordering of fibers in each bundle is neither a nature product nor home-made but occurs in the factory as a necessary processing step to minimize the sliding in fibers. The front and cross-sectional views of fibers in Figure 2c and S7, respectively, reveal the relatively smooth surface and interstitial space among them, which can accommodate the to-be-introduced porous polymer/CNT hybrid. (Figure 3d ,S14, Movie S3). Upon contact with water, all of these different shapes rapidly recover their original forms (Movie S4-S7). Thus, unlike the previous report, [45] tunable actuations of folding, twisting and rolling are readily achieved in our actuator design from the same material without complex synthetic procedure and/or sophisticated equipment. Other shapes of the cloth actuator are also created to demonstrate the complex actuation forms ( Figure S15 ). Besides, to quantify the actuation behavior, revolution number is used here. As depicted in Figure 3e , with increasing twin-bundle number in the actuator, the revolution number decreases, e.g., from 11 for the double twin-bundle actuator to 3 for the flat actuator bearing 16 twin-bundles. The actuation of helically arranged microfibers/nanotubes in bundles has been reported previously to be induced by collective expansion/contraction of individual microfibers/nanotubes. [9, 11, 46] The adaptive movement upon time in a triple twin-bundle Figure   S16 -S18), reversible and repeatable, as exemplified here with 30 cycles (Figure 3h ,S19). It also shows high stability upon storage in water for at least 3 months ( Figure S19 ).
Our fiber actuator design is assumed to be closely correlated to two structure features, that is, the unique spatial packing order of microfibers and the engineered porous matrix ( Figure S20 ).
It has been demonstrated previously that the nano-/micropores of hierarchically helical CNT fibers are beneficial to the diffusion of solvent among fibers. [46] We find that the pore size of the porous polymer hybrid, when below 30 nm, affects the actuation performance ( Figure   S21 ). Equally important, the 3D nanoporous polymer/CNT hybrid connects and holds closely the packed microfibers together as a single entity to cancel relative sliding among microfibers to avoid energy dissipation due to inter-fiber friction. The introduction of porous networks thus seems an effective way to fabricate high-performance actuators.
The mechanical property of actuators is of paramount importance for practical applications.
The tensile strength and elongation at break of cloth actuator are up to 70.4 MPa and 55.3%, respectively, which are favorable properties stemming from the native cloth substrate ( Figure   S22 ,S23). The tensile strength of cloth actuator is close to that of graphene oxide fiber actuator [9] and robust polypyrrole composite actuator, [41] but its elongation at break is 4 and 2 times greater, respectively. Furthermore, the cloth actuator still works well even after the application of moderate tensile strain (below 30%, Figure S24 ) or harsh washing treatments such as vigorous agitation and sonication in solution ( Figure S25 ). Figure S29 ) and comparable to carbon-based actuators. [9, 46] The reversible, tunable actuations of the cloth actuator endow it with a variety of fascinating applications. Recently, water-powered electric generator has received extensive attention because of its environmentally friendly nature. [17, 47] By virtue of the rotary actuation in response to water, a cloth actuator-based electric generator is fabricated (Figure 4e,S30 ).
Wetted by water periodically, the cloth actuator drives reversible rotation of a magnet surrounded by copper coils to generate electric current. An open-circuit voltage of 75 mV is produced (Figure 4f ), which largely exceeds a similar but carbon-based design model reported by others (1 mV), [9] and is 3 times that of the native cloth-based generator ( Figure S31 ).
Furthermore, the rolling function of cloth actuator, if necessary, can be applied as, for instance, a mechanical gripper and a "smart" window ( Figure S32,S33) . Additionally, the recent progress in complex 3D deformations [48, 49] motivates us to expand the designs of cloth actuators for more sophisticated applications in the next stage of our work. Medical GmbH & Co KG (Germany), which shows several advantages over the previously reported actuator materials (e.g., graphene and carbon nanotube (CNTs)). Firstly, it is cheap and displays a high water adsorption capacity (ca. 44 wt %) due to its abundant hydroxyl groups; secondly, when produced, it contains already helically arranged cellulose microfibers in the portrait orientation to improve the frictional force between fibers; thirdly, it shows high tensile strength and good mechanical flexibility. Multi-walled CNTs with a diameter of nm and length of ca. 30 μm were purchased from Chengdu Institute of Organic Chemistry (China). CNTs were ball-milled at 400 rpm for 6 h before being used, and the length was reduced to 0.3-1 μm.
Synthesis of Poly(Ionic Liquid) (PIL):
As displayed in Figure S1 , we firstly synthesized poly(3-cyanomethyl-1-vinylimidazolium bromide) (PCMVImBr) according to our previous method [S1] . The pore sizes in the porous polymer hybrids were measured using software ImageJ 1.47.
Transmission electron microscopy (TEM) measurement was performed using a Zeiss EM 912
(acceleration voltage = 120 kV). Mechanical properties were measured on an Instron 1121 at an extension speed of 10 mm min -1 . All data were the average of five independent measurements along with the standard error less than 10%. The electro character of electric generator was measured using Digital-Multimeter Benning MM 7-1. The absorbance of CNT aqueous dispersion was measured by UV/Vis/NIR spectrophotometer (Lambda 900). In order to study the actuation mechanism, the rolling process of the flat cloth actuator is filmed (please see Movie S3). It is observed that the two short sides of the cloth actuator gradually roll to form a cylinder, due to the twisting of each bundle fibers. The blue arrows show the motion direction and the yellow dash lines show the axis direction.
Apart from the helix-line and cylinder shapes from the double twin-bundle actuator, triple twin-bundle actuator and flat cloth actuator as shown in Figure 3 in the main text, we prepare other kinds of cloth actuators including round, triangle and trapezoid to achieve several more exotic shapes. We even design a taper cloth actuator bearing four parts with 7, 5, 3 and 1 fiber bundles, respectively, to simultaneously achieve the folding line, helix line and cylinder.
These results suggest that a broad variety of different shapes can be created from the cloth actuator that can deliver more complex actuation forms. The actuation of the single twin-bundle actuator is modulatable in terms of its length.
Evidently, the longer the single twin-bundle actuator is, the more obvious the line will be folded. The finite element simulation might be useful for the further understanding of the actuation mechanism for the cloth actuator. There are a lot of papers using the finite element simulation method [S5] . However, the difficulty in modeling the actuation behavior is due to the complex multilevel architecture of cloth actuator, and a detailed theoretical study of how the twisting actuation behavior operates at multiple length scales in our cloth actuator would be a study on its own, which is out of the scope of this manuscript. We intend to continue this work in the future from a theoretical perspective which we hope will provide more detailed insights about the actuation mechanism of the cloth actuator. to that of the cloth actuator prepared by using PAA 1800 g mol -1 , the revolution number of the cloth actuator prepared by using PAA 450,000 g mol -1 is lower (7 vs. 10) . This result suggests that the larger pores promote the actuation performance, possibly due to the enhanced diffusion kinetics of water among fibers.
Besides, since it is difficult to obtain commercial PAA with the molecule weight of less than 1800 g mol -1 (e.g., 100-200 g mol -1 ), small organic acid was used instead. We here select IPA (166 g mol -1 ) to access porous PIL-IPA/CNT hybrid with the pore size of 111 nm. We find that the pore size larger than 30 nm has little-to-no effect on the revolution number of the cloth actuator (11 vs. 10). These results above imply that the pore size effect is only visible when below 30 nm. In order to study whether the cloth actuator still works properly after the application of large tensile strain and explore the effect of the tensile strain on the actuation performance of the cloth actuator, the freshly prepared cloth actuator is firstly stretched to yield a tensile strain of 10%, 30% and 50%, respectively, considering that the elongation at break of the cloth actuator is ca. 55.3%.
As we can see, when the pre-treated tensile strain is 10%, the revolution number of the pretreated cloth actuator (10) is identical to that of the untreated one. Surprisingly, when the pretreated tensile strain increases to 30% and 50%, the revolution number of the pre-treated cloth actuator slightly goes up to 11 and 12, respectively.
Since the pore size of the porous PIL-PAA/CNT hybrid in the pre-treated cloth actuators does not change (25-30 nm, as shown in (d), (g) and (j)) compared to that of the freshly prepared cloth actuator (26 nm), the possible reason for the increasing revolution number at 30% and 50% tensile strain is the elongation of the cloth actuator. We find that the length of the cloth actuator increases from 8.0 cm to 8.5 and 9.0 cm when the pre-treatment of tensile strain goes up to 30% and 50%, respectively. It should be pointed out that although the larger tensile strain yields higher revolution number, a small fraction of the porous polymer hybrid on the surface of fibers and a part of the fiber bundles are broken up, which is actually unfavorable for the practical applications of the cloth actuator, particularly for the long-term repeated uses.
Therefore, the suggested maximum tensile strain of the cloth actuator is 30%.
Nevertheless, the above results demonstrate that the cloth actuator still works well upon moderate tensile strain up to 30%. The maximum force detected in the single twin-bundle actuator is 0.14 g, which is 20 times that of its own weight (0.007 g). (cylinder actuator) in sunny days.
